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Abstract 
High efficient and precise slicing method is required for the slicing of silicon carbide ingot. The newly developed multi-wire 
electrical discharge slicing method would decrease the kerf width and the cracks generated on machined surface. However, much 
higher wire tension is required in order to reduce wire vibration and to perform a smaller kerf width. Thin wire electrode with round 
section does not have enough cross sectional area under the high wire tension condition. Therefore, a wire electrode with track-
shaped section was proposed and applied to the wire EDM slicing of silicon carbide ingot. The running control of wire electrode 
with track-shaped section was experimentally investigated. The side support method with fixture plates could decrease the kerf 
width by brass coated steel wire electrode with track-shaped section. The parallel drawing type traverser and the short distance 
setting points of side support fixture plates could perform the smaller vibration of wire electrode with track-shaped section and the 
decrease of kerf width.     
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1. Introduction 
Since the consumption of electricity has increased 
year by year all over the world, energy saving and 
preservation of environmental are important issue in 
order to continue the sustainable development of society. 
Therefore, the photovoltaic is greatly expected as the 
clean energy. In order to realize the further use of solar 
cells, the cost reduction and the stable supply are 
indispensable. Furthermore, it is required to use electric 
power more efficiently. Silicon carbide has excellent 
properties in thermal conductivity, band gap, insulation 
breakdown and carrier mobility. It has drawn attention 
as a next-generation semiconductor material which 
satisfies these demands. Thus, it is necessary to slice 
these materials more efficiently and precisely for further 
improvement in the performance and cost reduction. In a 
multi-wire saw method, there are problems such as large 
cracks on sliced surface, large kerf loss and the 
uniformity of slice wafer thickness, because the high 
wire tension and the thick wire are required to slice the 
hard material even with diamond abrasives.  
On the other hand, in a wire electrical discharge 
machining (EDM) method, since the machining force 
acting on the wire electrode and the workpiece is very 
small due to non-contact processing, it is expected that 
the cracks generated on the machined surface and the 
kerf width could decrease. Furthermore, in this method, 
it is possible to use thinner wire electrode because of its 
small machining force. From the viewpoints mentioned 
above, authors has proposed new slicing method of 
silicon ingot using wire EDM technology [1, 2]. In 
general, wire EDM can not slice the multi-points of 
workpiece at the same time, and the efficiency of wire-
EDM processing is lower than the multi-wire saw 
method. On the other hand, newly developed multi-wire 
EDM slicing equipment has a possibility of high 
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Fig. 2. Schematic diagram of basic wire driving part 
efficient and quality slicing method [3]. In former study, 
it was clarified that multi-wire EDM slicing of mono- 
and poly-crystalline silicon ingots could be performed 
efficiently by using the multi-wire EDM slicing 
equipment [4, 5]. Since a working fluid is deionized 
water without abrasives, this method has little 
environmental contamination.  
However, in order to reduce the kerf loss and perform 
the high quality kerf shape, much higher wire tension 
and much thinner wire electrode are required. In wire 
electrode with round section, it is difficult to keep 
sufficient cross-sectional area for high wire tension 
loading with decreasing the diameter of wire electrode. 
The low wire tension causes the irregularity of kerf 
shape and decreasing processing efficiency. Therefore, a 
wire electrode with track-shaped section was newly 
developed and applied to the multi-wire EDM method to 
satisfy both the thin wire electrode and the high wire 
tension. However, the current existing control system of 
wire running is designed for the wire electrode with 
round section, not for track-shaped section. Therefore, 
the wire running stability for track-shaped section was 
experimentally modified and investigated to utilize the 
high performance multi-wire EDM slicing method using 
the wire electrode with track-shaped section. 
2. Experimental Procedures 
Figure 1 shows appearance of multi-wire EDM 
slicing equipment consisting of multi-EDM power 
supply unit and wire driving part. The basic setup of 
wire driving part is schematically shown in Fig. 2. The 
wire electrode is wound spirally on wire guides 40 times 
along the wire guide pitch. The wire electrode is fed 
reciprocally by reversing the feed direction, when the 
wire electrode comes to the end of set travel length. 
Slicing experiments were carried out by moving the 
workpiece in the downward direction toward the running 
wires between the wire sub guides. The wire sub guides 
were prepared at the nearest side to the workpiece in 
order to stabilize the wire position. Three sets of 
conductivity piece for supplying discharge pulse to the 
wire electrode were placed at the position between wire 
guides and wire sub guides. Maximum number of 
machinable wire electrode is limited to three according 
to the number of the multi-EDM power supply unit in 
this experiment, which can generate three individual 
discharge pulses simultaneously. 
Table 1 shows main machining conditions used in 
this study. A multi-EDM power supply unit can generate 
lower and longer discharge pulse compared with the 
normal commercial wire EDM equipment. Also, this 
electric discharge power supply has a high voltage 
circuit to start the electrical discharge and a low voltage 
circuits to generate the electrical discharge. These open 
circuit conditions were expressed as uiH and uiL, 
respectively. A silicon carbide of ρs=0.5 cm in a 
specific resistance was used as a workpiece, and the 
workpiece width for slicing was constant 80mm. 
Deionized water was used as a working fluid, and its 
specific resistance was set to ρw=2.5105 cm. 
Figure 3 is brass coated steel wire electrode with 
track-shaped section. This wire electrode consists of a 
steel core wire and brass coating of 0.18 μm in thickness 
on the core wire [6]. The width dW of wire electrode was 
100 μm, and the height dH of wire electrode were 200 
μm. The ratio of width and height was determined to 
minimize the wire vibration [7]. The height direction of 
wire electrode was arranged in parallel to the machining 
direction before the wire running.  
The tilting of wire electrode with track-shaped section 
was observed by a high speed shutter camera during 
wire running without supplying electrical discharge 
pulses and working fluid, as shown in Fig. 4. The 
exposure time and frame rate of high speed shutter 
camera were 1ms, and 14.95 fps, respectively. The light 
source was halogen lamps, and the shadow of wire 
electrode was recorded as the vibration behavior at wire 
tension 20 N and wire running speed 50 m/min. 
Figure 5 shows observed images results of non-tilting 
and tilting wire electrode with track-shaped section. The 
base image shows the original width dW of wire 
electrode with track-shaped section, and d is the 
Fig. 1. Multi-wire EDM slicing equipment 
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projected width of tilted wire electrode. First, the base 
image was recorded before the wire running. The 
observation of tilting was carried out during the wire 
running, and the tilt angle θ of wire electrode was 
calculated by the equation (1). 
 
 
(1) 
 
3. Experimental Procedures 
3.1. Supporting method of wire electrode with track-
shaped section 
When silicon carbide was sliced by the brass coated 
steel wire electrode with track-shaped section, the kerf 
width was larger than 200 μm. Since the height of wire 
electrode with track-shaped section is 200 μm, it is 
guessed that the slicing was performed by tilted wire, in 
which the height direction would be arranged in 
perpendicular to the machining direction. Therefore, it is 
essential to stabilize wire vibration to reduce the tilting 
of wire electrode for high-efficient and qualitative 
slicing. In multi-wire EDM slicing method, the wire 
electrode with round section was so far stabilized by 
bottom supporting method as shown in Fig. 6 (a), in 
which the damper pressed the bottom of wire electrode 
in upward direction. However, the vibration of the wire 
electrode with track-shaped section can not be stabilized 
sufficiently by this bottom supporting method. Therefore, 
the side supporting method of wire electrode as shown in 
Fig. 6 (b) was investigated in order to improve the wire 
running stability. The side supporting method puts the 
wire electrode between fixture plates to keep the height 
direction of wire electrode with track-shaped section in 
the parallel to fixture plates. This supporting fixture 
plates were set at the outside of immersing tank. The 
distance between right and left supporting plates is 195 
mm. In order to investigate the effect of proposed side 
supporting method, wire EDM slicing of silicon carbide 
was carried out by using the brass coated steel wire 
electrode with track-shaped section at the wire running 
speed 200 m/min. 
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Table 1. Machining conditions 
 
Workpiece Silicon carbide 
Specific resistance of workpiece ρs = 0.5 - 0.6 [Ωcm] 
Electrode Brass coated steel 
Polarity Electrode (-) 
Open circuit voltage 
uiH = 283-300 [V], 
uiL = 120 [V] 
Discharge current ie= 8 [A] 
Discharge duration te = 1 [μs] 
Duty factor τ = 14 [%] 
Wire running speed Ws = 50, 200 [m/min] 
Wire tension WT  = 20 [N] 
Dielectric working fluid Deionized water 
Specific resistance of dielectric working 
fluid ρw = 25 [k cm] 
Temperature of dielectric working fluid θf  = 20 [] 
 
 
 
Fig. 3. Schematic illustration of wire electrode with track-shaped 
section 
 
Fig. 4. Observation method of wire electrode 
 
Fig. 5. Example of wire movement observation dW  [μm] 100 
dH  [μm] 200 
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Figure 7 shows the displacements of workpiece 
during the slicing by single wire electrode with track-
shaped section in the case of bottom and side supporting 
method. In the bottom supporting methods, the 
workpiece was going backward many times. This 
movement of wire electrode occurred, when the average 
gap voltage between the wire electrode and the 
workpiece was lower than the set voltage. Therefore, the 
behavior of wire electrode with track-shaped section 
would be unstable in the case of bottom supporting 
method, since the wire electrode might often contact to 
the workpiece. On the other hand, the workpiece moved 
at a constant speed in the case of side supporting method. 
It is considered that the behavior of wire electrode with 
track-shaped section could be stabilized by the side 
supporting method.  
Figure 8 shows the kerf sharp sliced by the single wire 
electrode with track-shaped section by both supporting 
method. As shown in the figure, in the case of side 
supporting method, although there were some side 
irregularities in the kerf width, the kerf width became 
smaller compared with the bottom supporting method. 
Table 2 shows the measurement results of kerf width 
for both supporting methods by single wire electrode 
with track-shaped section. In the case of the bottom 
supporting method, the kerf width was larger than 200 
μm. On the other hand, the kerf width by using the side 
supporting method was smaller than that by the bottom 
supporting method. Also, the minimum kerf width was 
less than 200 μm, and the height direction of wire 
electrode with track-shaped section could be kept in the 
machining direction. 
As mentioned above, it was clarified that the side 
supporting method was effective to stabilize the running 
of wire electrode with track-shaped section. 
3.2. Wire drawing method and supporting distance for 
wire electrode with track-shaped section 
In order to further stabilize the wire running, two 
improvement methods were newly proposed and 
experimentally investigated. 
Firstly, a twist of wire electrode was investigated. 
Twisted wire electrode in the machining area would 
cause the irregular kerf shape and the low machining 
speed. Figure 9 (a) shows the generation mechanism of 
wire electrode twist at V-shape groove of pulley located 
at the nearest point of wire reel. In the multi-wire EDM 
slicing method, wire electrode was sometimes twisted in 
the inclined drawing type traverser, because the wire 
electrode was running up on the V-shape groove wall of 
pulley during the wire running due to the friction 
between the wire electrode and the wall of pulley made 
resin. After the running up, the wire electrode is easily 
twisted during the dropping down to the bottom of V-
 
Fig. 6. Supporting method of wire electrode 
  
 
Fig. 7. Displacement of workpiece by wire electrode with track-
shaped section in the case of bottom and side supporting 
methods 
 
 
Fig. 8. Kerf shapes by wire electrode with track-shaped section in the 
case of bottom and side supporting methods 
 
Table 2. Kerf width by wire electrode with track-shaped section in the 
case of bottom and side supporting methods 
 
Support method Bottom support Side support 
Max. kerf width [μm] 245 206 
Min. kerf width  [μm] 220 158 
Ave. kerf width  [μm] 232 180 
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shape groove pulley. In order to avoid this wire 
phenomenon, it is effective to contact the wire tilting 
electrode with the bottom of V-shape groove pulley at 
all times, and the wire electrode should be at all times 
drawn in the perpendicular direction to the central axis 
of wire reel. Therefore, the parallel drawing type 
traverser was proposed as shown in Fig. 9 (b), and newly 
designed traverser was equipped instead of inclined 
drawing type traverser to minimize the twist of wire 
electrode with track-shaped section. The load sensors 
were arranged to follow the movement of wire electrode 
drawn from the wire reel in order to keep the suitable 
location of pulley. It is expected that the parallel drawing 
type traverser would prevent the wire electrode from 
running up at the pulley.  
 Secondly, the distance between side supporting points 
was improved. It was considered that short distance 
supporting of wire electrode at the close location of 
workpiece as the working point would be effective to 
stabilize the wire movement. Therefore, the position of 
side supporting fixture plates was changed from the 
outside to the inside of immersing tank as shown in Fig. 
10. The distance of the side support fixture plates was 
changed to 135 mm from 195 mm. In order to verify the 
effect of two proposed methods, the observation of wire 
movement and slicing of silicon carbide were carried out. 
Figure 11 shows the tilt angle of wire electrode with 
track-shaped section by both inclined and parallel 
drawing type traverser with short and long distance 
settings of side supporting points. As shown in the figure, 
the maximum and the average values of wire tilting 
angle were smaller in the case of the parallel drawing 
type traverser and short distance setting of side 
supporting points, and the wire running stability could 
be improved by the combination of parallel drawing and 
short distance setting of fixture plates.  
Figure 12 shows the kerf shape sliced by single wire 
electrode with track-shaped section using inclined and 
parallel drawing type traverser with short and long 
distance settings of side supporting points. As shown in 
the figure, the straight kerf shape was obtained 
uniformly by the parallel drawing type traverser with the 
short distance setting of side supporting points. Under 
this condition, the removal rate is 4.7 mm2/min and the 
surface roughness was 3.5 μmRz in parallel to the wire 
running direction.  
Table 3 shows the measurement results of kerf width 
in the case of inclined and parallel drawing type 
traversers with short and long distance settings of side 
supporting points. Compared with the basic setting of 
wire running, the kerf width was narrower by using the 
parallel drawing type traverser with the short distance 
setting of side supporting points. The maximum kerf 
width was smaller than the wire height 200 μm, and the 
minimum kerf width was 128 μm, which was close to 
 
Fig. 9. Inclined and parallel drawing type traverser 
 
Fig. 10. Setup of side supporting plate 
 
 
Fig. 11. Tilt angle of wire electrode with track-shaped section in the
case of inclined and parallel drawing type traverser with
short and long distance supporting points 
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the wire width 100 μm. The further control of wire 
direction could be accomplished by proposed method as 
the height direction of wire electrode with track-shaped 
section would be arranged in the machining direction. 
As mentioned above, it was clarified that the parallel 
drawing type traverser and the short distance setting of 
side supporting points made it possible to stabilize the 
wire running and to reduce the kerf width in the use of 
wire electrode with track-shaped section. However, 35 
μm maximum gap distance between wire electrode and 
workpiece was larger than 10-15 μm gap distance by the 
wire electrode of 120 μm diameter with round section 
[8]. Therefore, in order to accomplish narrower kerf 
width, the further stabilization of wire running with 
track-shaped section should be studied.  
Summary 
In this paper, the running control of brass coated steel 
wire electrode with track-shaped section was 
experimentally investigated, and the possibility of 
slicing silicon carbide with proposed wire electrode was 
discussed. Main conclusions obtained in this study are as 
follows. 
(1) The side support method with fixture plates could 
perform the stable slicing and reduce the kerf width 
by brass coated steel wire electrode with track-
shaped section.   
(2) The parallel drawing type traverser and the short 
distance setting of side support points could perform 
the smaller vibration of wire electrode, which led to 
the reduction of kerf width even in the case of brass 
coated steel wire electrode with track-shaped 
section. 
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Table 3. Kerf width by wire electrode with track-shaped section in 
the case of inclined and parallel drawing type traverser 
with short and long distance supporting points 
 
Setting type 
Inclined drawing 
+ Long distance 
Parallel drawing 
+ Short distance 
Max. kerf width [μm] 206 170 
Min. kerf width  [μm] 158 128 
Ave. kerf width [μm] 180 155 
 
Fig. 12. Kerf shape by wire electrode with track-shaped section in the 
case of inclined and parallel drawing type traverser with 
short and long distance supporting points 
